The potential mechanism of YHL-14 against cancer cells has not been explored. Results: YHL-14 induces G 2 /M phase arrest and inhibition of cancer cell growth by up-regulation of p21 transcription and protein expression via modulation of Sp1 protein stability. Conclusion: YHL-14 inhibits bladder and colon cancer cell growth through up-regulation of p21 expression. Significance: This study identifies a novel mechanism underlying the anticancer effect of YHL-14.
for mitosis and duplication of their DNA. During the mitotic (M) phase, the cell splits itself into two distinctly different cells. Interphase is subdivided into three phases, G 1 , S, and G 2 , whereas G 0 means that cells have exited the cell cycle and have become quiescent (2) . Abnormal cell cycle regulation is the hallmark of cancer (3) . It is well known that disruption of the cell cycle can lead to growth arrest and, ultimately, apoptosis (4) . The arrest of abnormally proliferating cancer cells in stages of the cell cycle could increase the sensitivity of proliferating cancer cells to treatment with other therapeutic approaches, such as radiation (5) .
The flower buds of Daphne genkwa Siebold et Zucc. (Thymelaeaceae) have been used as a Chinese traditional medicine to treat various diseases, including cancer (6) . For example, daphnane diterpene ester has been reported to have strong anticancer effects against multiple cancer cell lines, including L-1210 (mouse lymphocytic leukemia) cells, KB (epidermoid carcinoma of the mouth) cells (7) , P-388 (mouse lymphocytic leukemia) cells, A-549 (human lung adenocarcinoma) cells, and human microvascular endothelial cells in vitro (8) , as well as antileukemic effects in vivo (9) . Yuanhuacine (YHL-14) is the major component of daphnane diterpene ester in the flower buds of D. genkwa. Recently it has been reported to be effective against cell proliferation in various cancer cell lines (8) . However, the molecular mechanism underlying YHL-14 suppression of cancer cell growth has been barely elucidated.
Colon cancer has been the second most common cancer in women and the third most common in men on the basis of a United States epidemiology report in 2008 (11) , with it being the fourth most common cause of cancer death after lung, stomach, and liver cancer (12) . Although bladder cancer is the fourth most common type of cancer in men and the ninth most common cancer in women in the United States (13), invasive bladder cancers are responsible for 100% of deaths resulting from this disease. Thus, colon and bladder cancer are considered a serious threat to public health. Therefore, our objective in this study was to evaluate the anticancer ability of YHL-14 and elucidate the mechanism underlying YHL-14 inhibition of colon and bladder cancer cells.
EXPERIMENTAL PROCEDURES
Chemicals-Compound YHL-14 was isolated from the Daphne genera and provided by Dr. Shaojiang Song (Shenyang Pharmaceutical University, Shenyang, China). The purity was greater than 99%. The structure is shown in Fig. 1A . YHL-14 was dissolved in dimethyl sulfoxide to make a stock concentration at 80 mM. The stock YHL-14 was further diluted in DMEM with a final dimethyl sulfoxide concentration of 0.1% (v/v) for cell culture experiments. The same concentration (0.1% v/v) of dimethyl sulfoxide was used as a vehicle control in all experiments. The chemicals cycloheximide (CHX) 3 was purchased from Calbiochem (San Diego, CA).
Antibodies-Antibodies specific against p21, p53, phospho-p53 at Ser-15, phospho-p90RSK at Ser-573, ERK1/2, phospho-ERK1/2 at Thr-202/Tyr-204, p38, phospho-p38 at Thr-180/ Tyr-182, GAPDH, ␣-tubulin, ␤-actin, STAT3, and phospho-ATF2 at Thr-69/71 were purchased from Cell Signaling Technology (Danvers, MA). Anti-Sp1 antibody was bought from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-HA was purchased from Covance Antibody Service Inc. (Princeton, NJ).
Cell Culture-The human colon cancer cell line HCT116, p21 knockout (HCT116 p21 Ϫ/Ϫ ) cells, and p53 knockout (HCT116 p53 Ϫ/Ϫ ) cells were gifts from Dr. Bert Vogelstein (Howard Hughes Medical Institute, Sidney Kimmel Comprehensive Cancer Center, and the Johns Hopkins Medical Institutions) and were cultured in McCoy's 5A medium supplemented with 10% FBS (v/v) heat-inactivated FBS, 2 M L-glutamine, and 25 g/ml gentamycin. The human T24T bladder cancer cell line was a gift from Dr. Dan Theodorescu (14) , and human UMUC3 was provided by Dr. Xue-Ru Wu (Departments of Urology and Pathology, New York University School of Medicine) (15) . These cell lines were maintained in a 1:1 mixture of DMEM/Ham's F-12 medium and DMEM supplemented with 5% (v/v) or 10% (v/v) heat-inactivated FBS, 2 M L-glutamine, and 25 g/ml gentamycin, respectively, at 37°C in a humidified atmosphere of 5% CO 2 .
Plasmids and Transfection-The dominant negative mutant of ERK1 (K71R) was a gift from Dr. Melanien H. Cobb and has been used in our previous studies (16, 17) . The dominant negative mutant of p38 kinase (DN-p38) was a gift from Dr. Mercedes Rincon (Department of Medicine, University of Vermont, Burlington, VT) and has been used in our previous studies (18, 19, 20) . Both the 2.4-kb and 200-bp lengths of the p21 promoter-driven luciferase reporter plasmids were provided by Dr. Jennifer A. Pietenpol (Vanderbilt Ingram Comprehensive Cancer Center, Vanderbilt University School of Medicine, Nashville, TN) (21) . The sh-Sp1 construct was purchased from Fisher Scientific. The T24T (sh-Sp1), T24T (DN-ERK1 K71R), and T24T (DN-P38) transfectants were established by transfection of either DN-ERK1 or DN-p38, respectively, using PolyJet TM DNA in vitro transfection reagent (SigmaGen Laboratories, Gaithersburg, MD). The stable transfectants were established by selection with hygromycin for 4 -6 weeks, and the surviving cells were pooled as stable mass transfectants.
Cell Proliferation Assay-Confluent monolayers of cells were trypsinized, and 1 ϫ 10 3 viable cells suspended in 100 l of medium were added to each well of 96-well plates. After adherence, cells were synchronized by replacement with 0.1% FBS culture medium and cultured for another 24 h. The proliferation of the cells was determined using the CellTiter-Glo luminescent cell viability assay kit (Promega, Madison, WI) with a luminometer (Wallac 1420 Victor2 multipliable counter system) as described in our previous publication (19) .
Anchorage-independent Growth Assay in Soft Agar-An anchorage-independent growth assay in soft agar (soft agar assay) was carried out as described in our previous study (22) . Briefly, 1 ϫ 10 4 cells, with or without 2 M of YHL-14 in 10% FBS basal medium Eagle containing 0.33% soft agar, were seeded over a bottom layer of 0.5% agar in 10% FBS BME in each well of 6-well plates. The plates were incubated in a 5% CO 2 incubator at 37°C for 3 weeks. Colonies were observed under the microscope, and only colonies with over 32 cells were counted. The results were normalized with a control.
Western Blot Analysis-Western blot analysis was generally carried out as described in our previous study (23) . Briefly, cells were seeded in 6-well plates and cultured until 70 -80% confluent in McCoy's 5A medium supplemented with 10% (v/v) heatinactivated FBS or a 1:1 mixture of DMEM)/Ham's F-12 medium supplemented with 5% (v/v) heat-inactivated FBS. The culture medium was replaced with 0.1% FBS medium for 24 h. The cells were then treated with YHL-14 as indicated in the figure legends, and the cell extracts were subjected to Western blotting as described in our previous study (23) . The protein bond recognized by specific antibodies was detected by an alkaline phosphatase-linked secondary antibody and an ECF Western blotting system (Amersham Biosciences, Piscataway, NJ).
RT-PCR-Total RNA was extracted with TRIzol reagent (Invitrogen), and cDNAs were synthesized with the Thermo-Script RT-PCR system (Invitrogen). The human ␤-actin cDNA used as an internal control was amplified by two specific primers: 5Ј-GCGAGAAGATGACCCAGATCA T-3Ј (sense) and 5Ј-GCTCAGGAGGAGCAA TGATCTT-3Ј (antisense). The human SP1 cDNA fragments were amplified by primers 5Ј-ATTAACCTCAGTGCATTGGGTA-3Ј and 5Ј-AGGGCAG-GCAAATTTCTTCTC-3Ј. The RT-PCR products were analyzed on 2% agarose gels, and, following staining with ethidium bromide, the images were scanned and visualized with a Fluor-Chem SP imaging system (Alpha Innotech Inc., CA) as described previously (24) .
Luciferase Reporter Assay-The different lengths of p21 promoter-driven luciferase reporter (2.4 kb and 200 bp) were transfected into T24T cells as described above. Stable transfectants suspended in normal cell culture medium were seeded into each well of 96-well plates and cultured in a 5% CO 2 incubator at 37°C until 70 -80% confluence. The cells were treated with 2 M of YHL-14 in 0.1% FBS medium for the time periods indicated in the figure legends. The cells were then extracted with a lysis buffer (25 mmol/ liter Tris-phosphate (pH 7.8), 2 mM LEDTA, 1% Triton X-100, and 10% glycerol). The luciferase activity in the cell extracts was determined using a microplate luminometer (LB 96V, Berthold GmbH & Co. KG, Bad Wildbad, Germany) with a luciferase assay system (Promega) as described previously (25) .
Flow Cytometry Assay-The cell cycle distributions were determined by flow cytometry as described previously (26) . The cells were cultured in 6-well plates until they were 60% confluent. The cell culture medium was then replaced with 0.1% FBS medium and cultured for 24 h for synchronization. Following this, the cells were treated with YHL-14 for 12 h, collected with ice-cold PBS, and fixed with 5 ml of 75% ethanol at Ϫ20°C overnight. The fixed cells were stained in buffer containing 0.1% Triton X-100, 0.2 mg/ml RNase A, and 50 g/ml propidium iodide and then subjected to an EpicsXL flow cytometer (Beckman Coulter Inc., Miami, FL) for cell cycle analysis. The results were analyzed by histogram analysis software (Expo32 v. 1.2).
Cytosol and Nuclear Protein Extraction-Cytosol and nuclear proteins were prepared with the CelLytic-NuCLEAR extraction kit (Sigma) according to the protocols of the manufacturer and as described in our previous study (27) .
Statistical Methods-Student's t test was applied for data analysis, and p Ͻ 0.05 was considered statistically significant.
RESULTS

YHL-14 Inhibits Cancer Cell Anchorage-independent Growth-
YHL-14 is a diterpenoid compound with a molecular mass of 648 daltons, as shown in Fig. 1A . To evaluate the anticancer activity of YHL-14 against colon and bladder cancer cell lines, two bladder cancer cell lines, T24T and UMUC3, and a colon cancer cell line, HCT116, were treated with YHL-14 at different concentrations (2-16 M) for 24 h. The cell proliferation of these cells was analyzed using an ATPase assay. As shown in Fig. 1B , although the HCT116 cell line was less sensitive to YHL-14 treatment, the cell growth rate was inhibited significantly in all three cancer cell lines in a dose-dependent manner. The IC 50 of the T24T cell line was 1.83 Ϯ 0.02, that of the UMUC3 cell line was 1.89 Ϯ 0.02, and that of the HCT116 cell line was 14.28 Ϯ 0.64. We then evaluated the potential inhibition of YHL-14 on anchorage-independent growth of T24T cells. The results showed that anchorage-independent growth of T24T cells in soft ager was impaired dramatically by YHL-14 treatment (Fig. 1, C and D) .
YHL-14 Induces G 2 /M Phase Growth Arrest by Up-regulation of p21 Protein in a p53-independent Manner-To elucidate the molecular mechanisms underlying the anticancer effect of YHL-14, the potential effect of YHL-14 on the regulation of cell death and the cell cycle was determined by flow cytometry analysis in both T24T and HCT116 cancer cells. As shown in Fig. 2 , A and B, treatment of cells with YHL-14 did not induce a marked effect on cell death, but it did induce a significant G 2 /M phase arrest in both T24T and HCT116 cells, suggesting that G 2 /M phase arrest induction might be associated with an anticancer effect of YHL-14. To elucidate the molecular mechanism potentially leading to G 2 /M growth arrest, we first evalu- ated the effect of YHL-14 treatment on major cell cycle regulators, and the results showed that YHL-14 treatment did not affect the expression of cell cycle-regulating proteins, including cyclin A, cyclin B1, cyclin D1, cyclin E, retinoblastoma, E2F1, and p27 (data not shown). Because p21 is a well known cell cycle inhibitor involved in cell cycle regulation, the effect of YHL-14 on p21 expression and expression of its upstream transcription factor, p53, was evaluated in both T24T and HCT116 cells. As shown in Fig. 3, A and B , following YHL-14 treatment for 12 h, p21 protein expression was significantly up-regulated in both T24T and HCT116 cells, whereas YHL-14 did not show any observable induction of p53 protein expression and p53 protein phosphorylation at Ser-15 under the same experimental conditions in both cell lines ( Fig. 3 , A-C). Interestingly, YHL-14 treatment also did not induce p53dependent transcriptional activity in a p53-dependent luciferase reporter assay, whereas another control anticancer compound, F2, induced p21 expression, p53 protein expression, and p53-dependent transcriptional activation under the same experimental conditions (Fig. 3 , D and E), suggesting that YHLinduced p21 expression was mediated via a p53-independent cascade. To completely rule out the possible role of p53 in p21 induction by YHL-14, HCT116 WT and HCT116 p53 Ϫ/Ϫ cells were further employed to compare p21 protein induction following treatment of cells with YHL-14 and F2. As expected, YHL-14 treatment resulted in a similar level of p21 protein The cell extracts were subjected to Western blotting with anti-p21, anti-p53, anti-phospho-p53 (Ser-15), or anti-GAPDH antibodies. E, HCT116 stable transfectant (8 ϫ 10 3 ) that was stably transfected with the PG13-luciferase reporter was seeded into each well of a 96-well plate. After synchronization, cells were treated with the indicated concentrations of YHL-14 or F2 for 12 h, and the cells were then extracted for determination of luciferase activity. The results were presented as p53-dependent luciferase transactivity relative to vehicle control (relative p53 activity). Error bars show the mean Ϯ S.D. from three independent experiments. F, HCT116 WT and HCT116 p21 Ϫ/Ϫ cells were treated with YHL-14 at concentrations as indicated for 12 h, and the cell extracts were subjected to Western blotting with anti-p21 and anti-GAPDH antibodies. G and H, HCT116 WT, HCT116 p53 Ϫ/Ϫ , and HCT116 p21 Ϫ/Ϫ cells were treated with the indicated doses of YHL-14 (G) or F2 (H) for 12 h. The cells were then fixed and subjected to flow cytometry analysis. I, results of a coupled ATPase activity assay in the presence of varying concentrations of YHL-14 at 24 h. Incubation with YHL-14 caused dose-dependent growth effects of HCT116 wild-type, HCT116 p21 Ϫ/Ϫ , and HCT116 p53 Ϫ/Ϫ cells in vitro as observed in ATPase assays. Proliferation rates were determined in the indicated cells using a CellTiter-Glo luminescent cell viability assay kit. Results are presented as the mean Ϯ S.D. of triplicate assays. J, HCT116 WT, p21 Ϫ/Ϫ , and p53 Ϫ/Ϫ cells were seeded in soft agar as described under "Experimental Procedures." Representative images of colonies of these cells in a soft agar assay without or with YHL-14 (16 M) were visualized under the microscope, and only colonies with more than 32 cells were counted. Colonies are expressed as mean Ϯ S.D. from five assays of three independent experiments. MARCH 7, 2014 • VOLUME 289 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6397 expression in both HCT116 WT and HCT116 p53 Ϫ/Ϫ cells (Fig. 3C) , whereas F2-induced p21 expression was completely blocked in HCT116 p53 Ϫ/Ϫ cells compared with HCT116 WT cells (Fig. 3D ). These results demonstrate that YHL-14 treatment leads to p21 protein induction in a p53-independent manner. To test the role of p21 induction by YHL-14 in the mediation of G 2 /M phase arrest, HCT116 p53 Ϫ/Ϫ , HCT116 p21 Ϫ/Ϫ , and HCT116 WT cells were employed (Fig. 3, C and F) . As expected, YHL-14 treatment induced G 2 /M phase growth arrest in HCT116 WT cells and p53 Ϫ/Ϫ cells at a similar level, whereas knockout of the p21 gene in HCT116 (HCT116 p21 Ϫ/Ϫ ) impaired the induction of G 2 /M phase growth arrest by YHL-14 (Fig. 3G) . In contrast, p53 deletion dramatically inhibited G 0 /G 1 phase growth arrest induced by the control anticancer compound F2 in HCT116 cells (Fig. 3H) . These results demonstrate that YHL-14-induced G 2 /M phase arrest is mediated by up-regulation of p21 via a p53-independent cascade. Consistent with the induction of G 2 /M growth arrest, YHL-14 treatment also inhibited cancer cell proliferation and anchorage-independent cancer cell growth in both HCT116 WT and HCT116p53 Ϫ/Ϫ cells but not in HCT116 p21 Ϫ/Ϫ cells (Fig. 3, I and J) . Our results demonstrate that p21 induction by YHL-14 is critical for G 2 /M growth arrest following YHL-14 treatment via a p53-independent axis.
YHL-14 Induces Cell G 2 /M Phase Arrest via p21 Up-regulation
Sp1 Induction by YHL-14 Mediates p21 Gene Transcriptional Up-regulation-To understand the up-regulation of p21 protein upon YHL-14 treatment, the p21 mRNA level was first evaluated in YHL-14-treated cells. As shown in Fig. 4A , YHL-14 treatment led to an increase of p21 mRNA, suggesting that p21 protein expression was regulated at either transcriptional level or mRNA stability level. Consistent with mRNA induction, YHL-14 treatment also resulted in increases in p21 promoterdriven luciferase activity (Fig. 4B) , indicating the transcriptional regulation of p21 by YHL-14. Moreover, bioinformation analysis suggested that the p21 gene promoter contains multiple transcription factor binding sites, including p53, Stat3, and Sp1 (Fig. 4C ). We found that YHL-14 treatment resulted in Sp-1 protein induction (Fig. 4D) , whereas it did not show an inducible effect on p53 expression (Fig. 3, A and B) or Stat3 expression ( Fig. 4D ), suggesting that Sp-1 might be the transcription factor that is responsible for p21 transcriptional induction following YHL-14 treatment. To test this notion, we used both full-length (2.4 kb) of the p21 promoter-driven luciferase reporter and a 200-bp length of the p21 promoter-drive lucif- 
erase reporter containing Sp1 binding sites only, as indicated in Fig. 4C , to transfect to T24T cells, respectively, and the stable transfectants were treated with YHL-14 for comparison of their promoter activities. The results showed that the p21 promoter reporter containing only Sp1 binding sites had a similar transcriptional activity to that observed in the full-length p21 promoterdriven luciferase reporter (2.4 kb) ( Fig. 4E ), suggesting that Sp1 is sufficient to mediate p21 promoter transcription following YHL-14 treatment. To further extend the role of Sp1 in mediating p21 induction following YHL-14 treatment, two Sp1-specific shRNA constructs (sh-Sp1) were used to transfect into T24T cells, and the two stable transfectants of T24T(sh-Sp1) were established as shown in Fig. 4F , left panel. Compared with the results obtained from T24T(vector), p21 expression was significantly alleviated in T24T(sh-Sp1) transfectants following YHL-14 treatment (Fig. 4F,  right panel) . Our results demonstrate that Sp1 plays an important role in YHL-14-induced p21 expression.
p38 Activation by YHL-14 Stabilizes Sp1 Protein-The results above show that Sp1 induction by YHL-14 plays a critical role in mediating p21 transcription and protein expression. Because Sp1 protein induction could be observed as early as 1 h following YHL-14 treatment, we anticipated that this Sp1 protein up-regulation could occur at either protein stabilization or translation. To exclude the possibility of YHL-14 regulation of Sp1 protein expression at the mRNA level, the effect of YHL-14 treatment on sp1 mRNA expression was evaluated. The results indicated that YHL-14 treatment did not show any effect on sp1 mRNA level for any of the time points tested (Fig. 5A) . Moreover, we observed that Sp1 protein rapidly degraded in T24 cells following CHX treatment, whereas coincubation of T24T cells with YHL-14 and CHX significantly delayed Sp1 protein degradation (Fig. 5B) . These results strongly suggest that YHL-14 regulates Sp1 protein degradation. Previous studies have reported that activation of ERKs and p38 could stabilize Sp1 protein (22, 23) . Thus, we determined the potential activation of ERKs and p38 by YHL-14. Consistent with Sp1 protein expression, YHL-14 treatment did lead to activation of ERKs and p38 as early as 1 h (Fig. 5C ). To determine the role of ERK and p38 in the induction of Sp1 and p21 expression, the domain-negative ERK1 K71R (DN-ERK1) or domain-negative p38 (DN-p38) constructs were transfected together with a 200-bp length of the p21 promoter-driven luciferase reporter into T24T cells. As shown in Fig. 5D , exogenous expression of DN-ERK1 was observed at the ERK protein level and verified by detection of its tagged HA expression. Ectopic expression of DN-ERK1 blocked endogenous ERK phosphorylation induced by YHL-14, whereas the basal level of ERK phosphorylation was elevated in comparison with that from T24T(vector) transfectant, as reported in our previous studies (Fig. 5D ). However, blockage of ERK activation led to a slight increase in Sp1 and p21 protein induction by YHL-14, whereas it impaired phosphorylation of p90RSK, a well known ERK downstream substrate (Fig. 5D ). Thus, ERK might not be involved in the upregulation of Sp1 or p21 expression. On the other hand, overexpression of DN-p38 in T24T cells not only inhibited p38 phosphorylation and its well known substrate ATF-2 phosphorylation, but it also blocked Sp1 and p21 protein induction by YHL-14 (Fig. 5E ). Consistent with p21 protein expression, YHL-14-induced p21 promoter transactivation was also impaired by the ectopic expression of DN-p38 and increased by DN-ERK1 overexpression (Fig. 5, F and G) . Moreover, the inhibition of p38 activation by DN-p38 reversed the stabilization of Sp1 protein following YHL-14 treatment (Fig. 5H) . Taken together, our results demonstrate that YHL-14 treatment can activate p38, which stabilizes Sp1 -14 mediates p21 transcription. A, after synchronization, cells were treated with 2 M YHL-14 for the indicated times. Total RNA was isolated, and RT-PCR was carried out to determine p21 mRNA levels. ␤-Actin mRNA levels were used as a loading control. B, T24T stable transfectant (8 ϫ 10 3 ) that was stably transfected with the full-length (2.4 kb) of p21 promoter-driven luciferase reporter were seeded into each well of a 96-well plate. After synchronization, cells were treated with 2 M YHL-14 at the indicated time, and the cells were then extracted for determination of luciferase activity. #, significant enhancement of p21 transcription compared with vehicle control (p Ͻ 0.05). Error bars represent mean Ϯ S.D. C, schematic of various transcription factor binding sites in the p21 promoter-driven luciferase reporter. D, after synchronization, T24T cells were exposed to 2 M YHL-14 at the indicated time, and then cells were extracted. The cell extracts were subjected to Western blotting with anti-STAT3, anti-SP1, and anti-␤-actin antibodies. E, cells (8 ϫ 10 3 ) stably transfected with either full-length (2.4 kb) or short (200 bp) p21 promoter-driven luciferase reporters were seeded into each well of a 96-well plate. After synchronization, cells were treated with YHL-14 at the indicated time, and the cells were extracted for determination of luciferase activity. #, significant induction of p21 promoter transcriptional activity (p Ͻ 0.05). Error bars represent mean Ϯ S.D. F, T24T (vector), T24T (sh-Sp1) colon #1 and T24T (sh-sp1) colon #5 cells were exposed to the indicated doses of YHL-14 for 12 h. The cell extracts were subjected to Western blotting with anti-p21, anti-Sp1, or anti-GAPDH antibodies. MARCH 7, 2014 • VOLUME 289 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6399 protein and, subsequently, leads to p21 transcription and protein expression.
p38 activation Is Crucial for YHL-14-induced G 2 /M Phase Growth Arrest and Required for YHL-14 Inhibition of Cancer Cell Anchorage-independent Growth-Our above results indicate an essential role of p38 activation in YHL-14 stabilization of Sp1 protein, and transcription of p21 gene. To further evaluate role of p38 in mediation of YHL-14 anti-cancer activity, we compared the effect of DN-p38 overexpression on YHL-induced cancer cell G 2 /M phase growth arrest and anchorageindependent growth. The results showed that G 2 /M phase growth arrest induced by YHL-14 could be reversed by DN-p38 overexpression in T24T cells (Fig. 6A) . Consistently, the YHL-14 inhibition of T24T anchorage-independent growth was also partially reversely by the introduction of DN-p38 (Figs. 6B and 6C). Collectively, our results demonstrated that YHL-14-induced p38 activation played a crucial role in its mediation of G 2 /M phase growth arrest and inhibition of T24T cell anchorage-independent growth, further revealing that p38 activation mediates YHL-14 anti-cancer activity.
DISCUSSION
The flower buds of D. genkwa Siebold et Zucc. (Thymelaeaceae), a medicinal plant distributed mainly in the mainland of China and Korea, has traditionally been used for treatment of cancer and is also valued for its antitussive, diuretic, and expectorant effects (28) . Yuanhuacine (YHL-14), a compound of daphne diterpene ester, is the principal active component of the flowers of D. genkwa. YHL-14 has recently been reported to exhibit potent antiproliferative activity in various cancer cell lines (10, 29, 30) , and this inhibition is associated with its targeting of topoisomerase-DNA complexes and blocking of the regulation step, thereby enhancing the formation of persistent DNA breaks and further leading to cell death. YHL-14 is, therefore, considered to be a DNA-damaging agent (31) . This study demonstrates that YHL-14 treatment results in G 2 /M phase growth arrest and inhibits cancer cell monolayer growth and anchorage-independent growth in both human bladder cancer T24T and UMUC3 cells and/or the human colon cancer HCT116 cell line. Further studies showed that YHL-14 induced p21 up-regulation that was attributable to G 2 /M phase arrest FIGURE 5. p38 activation by YHL-14 is crucial for Sp1 protein stabilization. A, total RNA was isolated and subjected to RT-PCR analysis in T24T cells treated with 2 M YHL-14 for the indicated time. mRNA levels of sp1 were evaluated by RT-PCR. ␤-Actin mRNA levels were used as a loading control. B, after synchronization, T24T cells were exposed to 100 g/ml CHX with or without 2 M YHL-14 as indicated, and the cell extracts were subjected to Western blotting with anti-Sp1 or anti-␤-actin antibodies. The blot intensity was quantitated by Quantity One software. Data were normalized with a control group. C, T24T Cells were treated with 2 M of YHL-14 as indicated, and the cell extracts were then subjected to Western blotting with anti-p-ERK, anti-ERK, anti-p-p38, or anti-p38 antibodies. D and E, T24T (vector), T24T (DN-ERK1), and T24T (DN-p38) cells were treated with YHL-14 (2 M) for 12 h or left untreated. The cell extracts were subjected to Western blotting with specific antibodies against HA, ERK, p-ERK, p-p90RSK Thr-573, SP1, p21, p-p38, p38, p-ATF2, ␣-tubulin, and ␤-actin. F and G, T24T (DN-ERK1), T24T (DN-p38), or T24T (vector) cells stably cotransfected with short (200 bp) p21 promoter-driven luciferase reporter plasmids were seeded into each well of a 96-well plate. After synchronization, cells were treated with YHL-14 at indicated time, and the cells were then extracted for determination of luciferase activity. #, significant increase of Sp1 transcription (p Ͻ 0.05); *, significant decrease (p Ͻ 0.05). Error bars represent mean Ϯ S.D. H, after synchronization, the indicated cells were treated with 100 g/ml CHX with or without 2 M YHL-14 as indicated. The cell extracts were subjected to Western blotting with anti-SP1 or anti-␤-actin antibodies. The band intensity was quantized by Quantity One software. Data were normalized with a control group. 12 h following treatment in both T24T and HCT116 cells. p53 is thought to be responsible for p21 up-regulation (32) . This study shows that YHL-14 treatment only induced p21 expression without affecting either p53 protein expression, p53 protein phosphorylation, or p53-dependent transcriptional activation, whereas another anticancer compound, F2, did show all of those effects in the same cell lines and under the same experimental conditions. Moreover, deletion of p53 in HCT116 cells did not affect p21 protein induction by YHL-14, whereas it blocked p21 protein expression following F2 treatment. Consistently, knockout of p21 expression in HCT116 cells impaired G 2 /M phase growth arrest, cell proliferation inhibition, and anchorage-independent growth inhibition following YHL-14 treatment, whereas deletion of p53 expression did not affect those biological effects on YHL treatment. Those results exhibited that anticancer effect of YHL-14 was mediated by its induction of p21 expression, which in turn induced G 2 /M phase growth arrest via the p53-independent pathway. Following the exclusion of p53, we found that rapid up-regulation of p21 by YHL-14 was mediated by transient up-regulation of nuclear transcription factor Sp1, which led to the enhancement of p21 gene transcription. The Sp1 regulation of p21 transcription following YHL-14 treatment was evident from the utilization of the p21 promoter-driven luciferase reporter and the Sp1 knockdown approach. We found that the transcription activity of ϳ200-bp p21 promoter-luciferase reporter with only Sp1 binding sites was a comparable level with that of ϳ2.4-kb p21 promoter-luciferase reporter with the transcription factors, including Sp1, p53, and Stat3. Knockdown of Sp1 expression in T24T cells blocked p21 induction because of YHL-14 treatment. Together with no effect of YHL-14 on Stat3 protein expression, p53 protein expression, and transcriptional activity, we concluded that Sp1 induction by YHL-14 mediated p21 expression. Our studies also found that the inhibition of p38 kinase activation by ectopic expression of DN-p38 not only resulted in the reduction of Sp1 protein stability and p21 protein expression, but it also counteracted the effects of YHL-14 on G 2 /M phase growth arrest and partially restored cancer cell anchorage-independent growth following YHL-14 treatment. Therefore, we demonstrated that p38 activation by YHL-14 mediated rapid and transient increased Sp1 protein stability and Sp1 protein expression, further leading to p21 protein induction and, in turn, resulting in cancer cell G 2 /M phase growth arrest and anchorage-independent growth inhibition.
YHL-14 Induces Cell G 2 /M Phase Arrest via p21 Up-regulation
p53, a sensitive DNA damage-responsive transcriptional factor, is always up-regulated in cellular response to DNA damage treatments (32, 33) . p53 protein up-regulation could initiate p21-dependent cellular growth arrest and/or apoptotic responses (34) . p21 is a protein that inhibits the activity of cyclin-CDK2 or cyclin-CDK1 complexes. Thus, p21/WAF1 functions as a regulator of cell cycle progression at G 1 (35) . It is well known that there are multiple p53 binding sites in the p21 promoter region. Thus, the p53-p21 axis is always regarded as a classic pathway for G 0 /G 1 phase arrest induced by DNA-damaging agents (27) . This notion was supported by our results obtained from an anticancer compound, F2, that induced p21 expression and G 0 /G 1 growth arrest in a p53-dependent manner. However, by elucidating the anticancer effect of YHL-14, we disclosed a distinct mechanism underlying YHL-14 regulation of p21 as well as its function as a regulator of G 2 /M phase growth arrest rather than G 0 /G 1 phase growth arrest. The explanation of this differential effect of p21 induction upon F2 and YHL-14 treatment might be due to multiple p53 downstream-targeted genes in addition to p21 following F2 treatment. The detailed molecular mechanisms for this differential effect are currently under investigation in our laboratory.
This study found that p21 was significantly transcriptionally up-regulated through an Sp1-dependent and p53-indpendent manner following YHL-14 treatment. As shown in Fig. 4C , there are six Sp1 binding sites in the p21 promoter region between Ϫ119 bp and the starting site of the human p21 gene (36, 37) . Our results showed that YHL-14 treatment led to the induction of Sp1 protein expression and p21 promoter-driven luciferase activity. Moreover, the full-length (2.4 kb) p21 promoter luciferase reporter showed a similar transcriptional activity to that observed in a 200-bp p21 promoter luciferase reporter only containing Sp1 binding sites following YHL-14 treatment. Importantly, knockdown of Sp1 expression resulted in a dramatic reduction of p21 protein expression in T24T cells. Those results strongly indicate that Sp1 induction is essential for p21 transcription and protein induction upon YHL-14 treatment.
The p38 protein kinase is a member of the MAPK family that is activated in a cell response to environmental stress (UV light, oxidative stress, and ionizing radiation) and cytokines (e.g. TNF␣) (44) . MAPK activation by cytokines and receptor ligands generally leads to cell differentiation, whereas MAPK activation by environmental stress mediates growth arrest and apoptosis (45, 46) . p38 activation has also been reported to mediate activation and expression of various downstream targets, including transcription factors (ATF2, Sp1, Mac, and MEF2), protein kinases (MAPKAPK2), and cell cycle control proteins (cyclin D1) (44, 46) . Previous studies have reported that YHL-14 treatment inhibits the relaxation activity of Topo I toward DNA and induces DNA damage in 30 min (10) . DNA damage could immediately activate p38 (47, 48) . Unlike other MAPKs, p38 has been found to be distributed throughout the cytosol and nucleus because of its lack of a structure of nuclear localization signaling (18) . It has also been reported that activation of p38 by a DNA-damaging agent could lead to its nuclear translocation (49) . Our study found that p38 was activated by YHL-14 treatment and that YHL-14-induced phosphorylated p38 increased its nuclear translocation ( Fig. 7A ), suggesting that YHL-14-induced p38 activation might be associated with its DNA-damaging activity. Abnormal cell proliferation is necessary for cancer development (3) . Induction of cell growth arrest and/or apoptosis are two of the major mechanisms that are responsible for the anticancer effect of most current antitumor agents. p38 activation has also been reported to play an important role in the mediation of full Sp1 protein phosphorylation at Thr-453 and Thr-739 and transactivation (38 -40) . In our study, Sp-1 up-regulation by YHL-14 was observed 3-6 h following YHL-14 treatment. The transient increase of Sp1 was due to YHL-14 inhibition of Sp1 protein degradation rather than due to the regulation of the mRNA level. Furthermore, YHL-14 not only induced p38 activation, but, also, this p38 activation was required for YHL-14 stabilization of Sp1 protein and induction of p21 expression, as demonstrated by the utilization of ectopic expression of DN-p38 in T24T cells. Thus, we demonstrated that YHL-14 treatment could stabilize Sp1 protein by induction of p38 activation. Our observation is some-what unique because many recent studies show down-regulation of Sp1 and other Sp transcription factors by many naturally occurring anticancer agents (41) (42) (43) . Taken together, our results demonstrate that the anticancer activity of YHL-14 is mediated by activated p38, which leads to Sp1 protein accumulation and transactivation, subsequently resulting in p21 gene transcription and protein expression as well as cancer cell G 2 /M phase growth arrest and anchorage-independent growth retardation, as shown in Fig. 7B . These results provide important new insights into the molecular basis underlying the anticancer activity of YHL-14 and contribute valuable information that is helpful for the design and synthesis of other new conformation-constrained derivatives for the treatment of cancers.
